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SEEPAGE FORCES IN A GRAVITY pAm 
BY ELECTRICAL ANALOGY 


Horace A. Johnson,' M. ASCE 


SYNOPSIS 


The purpose of this paper is to present the results of an investigation of 
seepage forces in a concrete gravity dam and its foundation by means of the 
electrical analogy. Fiow is assumed to occur through both the concrete and 
the rock foundation, which is contrary to the usual assumption of no flow in 
concrete or rock. No attempt is made to determine on what percentage of the 
area the seepage forces may act. A series of electrical analogy models was 
constructed to show the effects of the various measures taken to prevent uplift 
in a concrete gravity dam and its foundation, such as grouting and drainage, 
on seepage forces. The effects of open joints and different ratios of perme- 
ability of concrete to the foundation were also investigated. Both two and 
three dimensional models were constructed. 


INTRODUCTION 


This paper presents the results of certain electrical analogy tests made on 
models of a concrete gravity dam and its foundation assuming that both the 
concrete and foundation are homogeneous, isotropic materials, but with not 
necessarily the same permeabilities. While these assumptions may appear to 
be far from the actual conditions, it is believed that the results, as will be 
shown, do agree well with the actual measurements made on existing dams, 
and do show the relative effects of certain measures. 

The dam cross section adopted for testing has a 0.1 upstream batter and a 
0.7 downstream batter. Where a grout curtain was assumed, it was taken as 
1/3 the height of the dam, and the depth of foundation drainage holes was as- 
sumed to be 1/4 the height of the dam. Drainage holes in the concrete section, 
where used, were modeled on 10' c.c. Where a height of dam was necessary 
for scale, 300' was used. 


TESTS ON TWO-DIMENSIONAL MODEL 


It is not proposed to go into the theory of the electrical analogy since this 
has been propounded before,?***»* or a detailed description of the electrical 
analogy apparatus or models. A general description of the construction of 
the models will be given. 


1. Chief, Construction-Operations Div., Sacramento Dist., U.S. Corps of 
Engineers, Sacramento, Calif. 

2. “Motion of Water Under Dams” by N.N. Pavlovsky, Transactions, 1st Cong.. 
on Large Dams, Stockholm, Sweden, 1933, Vol. 4, pp. 179-192. 
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A two-dimensional model with height H was constructed as shown in 
Figure 1, plan view, and Figure 2, cross sectional view. The model was 
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3. “The Flow Net and the Electrical Analogy” by E.W. Lane, F.B. Campbell, 
and W.H. Price, Civil Engineering, October 1934, pp. 510-514. 

4. “Electrical Analogy Applied to Three Dimensional Study of Percolation 
Under Dams Built on Pervious Heterogeneous Dams” by B.F. Reltov, 
Transactions, 2d Cong. on Large Dams, Washington, D.C., Vol. V, 1936, 
pp. 73-85. 

5. “Dams on Porous Media” by Mohamed Ahmed Selim, Trans, ASCE, 

Vol. 112, 1947, p. 488. 
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primarily of Bakelite with copper sheets introduced on the inside of the Bake- 
lite wherever it was necessary to impress a potential. 

100 per cent potential was impressed on the upstream face of the dam 
model and for a distance of 1.5 H upstream from the model on the model dam 
foundation. 0 per cent potential was impressed on the foundation downstream 
from the dam for a distance of approximately 1.5 H for no tailwater condition, 
as shown in Figure 1. For tailwater equal to .25 H, 25 per cent potential was 
impressed on the foundation downstream and to a point .25 H above the founda- 
tion on the downstream side of the dam. No drains were modeled in the con- 
crete. The foundation drain was represented by a solid copper sheet connect- 
ed to the copper gallery. This represents a continuous drain curtain, instead 
of the usual actual intermittent drains at 10'c.c. This foundation drain was 
set at 7 per cent potential to correspond to the gallery elevation. Potentials 
were impressed on the downstream face in increments of 10 per cent from 
10 per cent to 90 per cent at the required elevations to force the equipotential 
lines to intersect the downstream face at the proper points. The foundation 
was represented for a depth H below the bottom of the dam. This is consid- 
ered sufficient depth to make the boundary effects negligible. The phreatic 
line was introduced by using modeling clay and established by trial and error. 

The equipotential lines established in the model represent the percentage 
of height, H, above 0 per cent potential level, to which water would rise ina 
piezometer introduced at that point. To get the pressure at any point above 
the 0 per cent potential level, it is thus necessary to subtract the height of the 
point, in percentage of H, from the potential. 

Tests were run for 58 different conditions in the two-dimensional model as 
shown in Table 1. This sounds like a very large number of tests to run. How- 
ever, it should be pointed out that after the model was constructed it was only 
necessary to change the water level, or remove or adjust certain parts of the 
model so that tests could be very quickly run. The rate of testing was also 
greatly speeded by a special electronic hookup between the probe and the plot- 
ting point on the pantrograph. This was arranged so that when the probe 
reached a balance point in the model a high voltage spark would be discharged 
from the pantograph tracing point to an aluminum ground plate under the pa- 
per. This burned a smallhole in the paper and automatically marked the 
point. The operator thus had to listen for only the small noise of the spark to 
know that the point was plotted and move the probe on. 

Certain results have been abstracted from tests listed in Table 1 and are 
shown in Figures 3 to 6. It is believed that these figures show the main 
points learned from the two dimensional model. 

It should be pointed out here that no drainage holes were provided in the 
concrete section in the two dimensional model. The only drains provided 
were the foundation drain and the drainage gallery. The effect of drainage in 
the concrete was later analyzed in the three-dimensional model. 

Figure 3 shows the results from Model A-1, where the ratio of concrete 
permeability to foundation permeability is 1:10, the grout cutoff is impervi- 
ous, and the drain is 100 per cent effective and is set at 7 per cent potential 
to correspond to the height of outlet, and there is no tailwater. This perme- 
ability ratio is considered a reasonable assumption and the other assumptions 
are the maximum efficiency. It will be noted that the reduction in potential is 
very great at the foundation with the maximum equipotential line on the base 
downstream from the cutoff being about 15 per cent. 

A study of the potentials in the dam section at elevations .3 H and .5 H 
above the base shows that the effect of the foundation treatment on these 
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Fig. 3 


potentials is small. At the .3 H elevation, for example, the uplift at midsec- 
tion is 38 per cent compared to the 50 per cent which it would be if there were 
flow through the concrete only. At .5 H the corresponding figures are 45 per 
cent and 50 per cent. Test L-1 which was performed under the same condi- 
tions except with a permeability ratio of 1:2 shows about the same effect in 
the concrete. 

In Figure 4 is shown the result of Test A-4, which is Test A-1 with the 
drain removed. It will be noted that the maximum potential downstream from 
the cutoff has increased to about 60 per cent. Also the potentials in the con- 
crete at .3 H now show no reduction. 

Figures 5 and 6 show the effect of different ratios of permeability of the 
concrete (kc) to the permeability of the foundation (kg), for two foundation 
treatments. Three permeability ratios were tested: 1:2; 1:10; and 1:00, 
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In other words, on a permeable foundation, the concrete would be respectively: 
one-half as permeable as the foundation; 1/10 as permeable; and imperme- 
able. Effect of the ratios was obtained in the model by making the depth (d,) 
of the electrolyte over the concrete area respectively: one-half the depth 
(d,) over the foundation area; 1/10 the depth over the foundation area; and 
zero. Equipotentials are shown in the foundation only since as shown above 
the effect on the equipotentials in the concrete is very small. Potential lines 
are plotted for the permeabilities other than 1:00 only when significantly dif- 
ferent from those for 1:00. Comparisons were also plotted for a drain only 
in the foundation and for no foundation treatment. The equipotential lines 
were so close together for these conditions, for the three ratios, that they 
cannot be separated on the small scale drawings except near the downstream 


edge. 
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As noted in Table 1 tests were run with permeabilities of the cutoff equal 
to k, and 5k., where k,, is the permeability of the concrete, with impervious 
cutoff, and with no cutoff. Figure 7 shows the results of these tests with a 
cutoff only, and with concrete to foundation permeability ratio of 1:10. Where 
a drain is introduced the effect of the drain is so predominant that the effect 
of variation of cutoff permeability is very small. 

A series of tests was run with tailwater to a depth of 0.25 H under condi- 
tions similar to tests run with no tailwater as shown in Table 1. These tests 
show that if the foundation potentials for no tailwater are increased by 
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x 
b 
b is the base width of the dam, that the resulting potentials will be slightly 
higher than the actual potentials obtained. 

Discussion of the two-dimensional tests will be made and conclusions 
drawn after description of the results of the three-dimensional tests. 


-25 per cent, where x is the distance from the upstream edge of the dam and 


Three Dimensional Tests 


Two three-dimensional models were constructed. The first model, called 
Model No. 2, was constructed as for the two-dimensional model with slight 
changes. Since this model was to represent a 10' slice of the dam and founda- 
tion, the same permeability was used for the foundation as for the concrete. 
The constant depth of electrolyte thus represents the 10' slice. The gallery 
is represented as in the two-dimensional model, and where used the foundation 
drain is represented by a copper wire of proper diameter soldered to the gal- 
lery copper block. The vertical drain in the concrete was made by stretching 
a fine string at the proper depth in the electrolyte and attaching to it, at 10 per 
cent potential intervals, spirals of fine wire. These spirals were connected 
to the proper potentials and were shifted back and forth until the equipotential 
lines intersected the drain at the proper elevation. The phreatic line was in- 
troduced by trial and error with modeling clay. Details of the model are 
shown in Figures 8 and 9. 

The second three-dimensional model, called Model No. 3, represents a 
horizontal slice through the dam. A width of 50', one monolith, is taken for 
the model. Eight inch drains are represented by wires at 10' c.c. and are set 
at 0 per cent. The length to the phreatic line was as determined by the first 
three-dimensional model. Since this varies with the height, the effect of 
changing the phreatic line was studied. In some cases the joints were consid- 
ered to be free draining and were set at 0 per cent potential. The upstream 
face was set at 100 per cent potential to the first water stop which was repre- 
sented by insulation. The space between the first and second water stops was 
represented by a copper strip which had no potential impressed. This repre- 
sents a joint into which water can flow in and out freely. The second water 
stop was represented by insulation and 0 per cent potential was impressed 
downstream to represent a free draining joint. It should be pointed out that 
in Model No. 3 the flow is horizontal, whereas Model No. 2 indicates the flow 
is approximately horizontal to the line of drains and very nearly vertical past 
the line of drains. This must be kept in mind in interpreting results. 

Four tests were run on Model No. 2. In all cases the drains in the concrete 
were considered 100 per cent effective and tailwater was zero, and the follow- 
ing foundation conditions were tested. 


2a. Foundation cut-off—100 per cent effective 
Foundation drain and gallery at 7 per cent potential 
2b. Foundation cut-off—100 per cent effective 
No foundation drain 
Gallery at 7 per cent potential 
2c. No cut-off 
Foundation drain and gallery at 7 per cent potential 
2d. No cut-off 
No foundation drain 


Figure 10 shows the results of test 2a and Figure 11 shows the results of 
test 2d. The other results are intermediate between these two. 
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Potential at drains 
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On Model No. 3, five different tests were run as follows: 


3a. Drains 100 per cent effective, joints draining; two waterstops 

3b. Same as 3a, except 4’ diameter cylinder around drain has k = 0.1k, 
3c. Joints freely draining; two waterstops 

3d. Drains 100 per cent effective; joints not draining 

3e. Same as 3d, except 4' diameter cylinder around drains has k = 0.1k, 


Figures 12 to 16 respectively indicate the results of these tests. 
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Discussion of Tests 


The prime purpose of this paper is to present the results of the tests so 
that an experienced dam designer may draw his own conclusions therefrom. 
However, there appear to be several conclusions which may be drawn, and 
which will be brought out here for the purpose of discussion. 

Figure 3 shows ideal results in reduction of seepage forces in the founda- 
tion. In Figure 17 the result from Figure 3 is plotted against the results of 
some of the actual measurements on existing dams as presented by Kenneth B. 
Keener, M. ASCE.® The results plotted for specific dams are for straight 


6. Uplift Pressures in Concrete Dams, Trans ASCE, Vol. 116, p. 1218, 1951. 
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gravity dams similar to the model. Assuming the correctness of measure- 
ment in the existing dams, this shows that these dams have obtained nearly 
the maximum reduction of pressure and that the average for all types of dams 
is not too high above this. As the results in Model No. 2 show, when com- 
pared to tests on Model No. 1, the error in making the drain solid is not great. 
Also plotted on Figure 17 are the results from Figure 4 which show that aver- 
age reduction in pressure in existing dams is well below that for a cut-off 
only. Results of all the tests show that a drain functioning 100 per cent effec- 
tively is much more potent in reducing potential than a cut-off. However, the 
tests show that without a cut-off the potential lines around the drain are 
crowded very close together, thus indicating a very high flow into the drain 
with possible deleterious effects. 

The principal feature in Figures 5 and 6 is that regardless of the ratio of 
permeability of concrete to foundation, whether 1:2; 1:10; or 1:00, the effect 
of this ratio upon potentials in the foundation is very small. Also the pres- 
ence of drains in the concrete as shown in Model No. 2 would further reduce 
this small effect. As previously stated the effect of measures taken to reduce 
foundation potentials on potentials in the concrete was also very small, and 
would likewise be even less with drains in the concrete. 

Figure 7 shows that as long as there is a reasonable imperviousness 
created by the cut-off it will function. 

A comparison of Figures 10 and 11 with Figure 3 shows that the drains in 
the concrete are very effective in reducing potentials in the concrete. The 
effect on the foundation is negligible in Figure 10 and in Figure 11 there is a 
reduction from about 60 per cent to 40 per cent at the location of the founda- 
tion drain which is omitted. It should be pointed out that the permeability 
ratio is 1:1 and any increase in permeability ratio would decrease this reduc- 
tion. 

The effect of the drains in the concrete is clearly shown in Figures 12-16. 
These figures also illustrate the effect of open joints on relieving potentials. 
The figures which show the results with decreased permeability (k = 0.1k,) 
for 4' around the drain, indicate that there is still a large reduction in pres- 
sure. 


SUMMARY OF CONCLUSIONS 


1. The most important conclusion from this series of tests is that mea- 
sures taken to reduce foundation potentials have little effect on potentials in 
the concrete section, and vice versa, for any permeability ratio tested from 
1:1 to 1:00. The problem of reducing uplift in the foundation is thus a sepa- 
rate, and very nearly independent, problem from the problem of uplift in con- 
crete, if it exists. In some recent discussions of uplift this fact seems to 
have been lost sight of. 

2. Both cut-offs and drains are desirable in reducing foundation uplift, with 
the major reduction due to drainage, but with a cut-off necessary to reduce 
volume of flows. 

3. If the concrete is permeable and seepage forces exist, drains in the 
concrete section will greatly reduce potentials. 
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